Abstract: Recently, organic contaminants from textile and dye industry have adversely affected on human's health and living things. Hence, the development of effective contaminated water treatment is one of the most crucial tasks. Expanded Graphite (EG) has been considered as efficient platforms to remove of organic dyes from aqueous solution due to its excellent performance. The main objective of the present work is to investigate adsorption behavior of methylene blue (MB) and Congo Red (CO) on exfoliated graphite fabricated using flake graphite from Yen Bai province. The exfoliation of graphite was carried out using potassium permanganate and perchloric acid as oxidant agent and anhydride acetic as intercalating agent via microwave-assisted technique. The properties of EG were characterized by ABOUT THE AUTHORS Thi Thuong Nguyen belong to the NTT Hi-Tech Institute, Nguyen Tat Thanh university, whose one of the specializations is development of new materials for treatment of contaminated water. Up to now, she has published in various reputable journals including Desalination and Water Treatment and Journal of Nanoscience and Nanotechnology. Currently, she is a PhD student of Faculty of Chemistry, University of Science, University of Science -VNUHCM, Viet Nam.
PUBLIC INTEREST STATEMENT
Organic contaminants, especially dyes, discharged from the textile industry pose a serious risk to the environment and human health. In this study, we attempted the fabrication of a type of exfoliated graphite from flake graphite, which is a locally available and inexpensive material in Vietnam. We also examined the produced material using various characterization methods and investigated its adsorption capacity against two common types of dyes, namely methylene blue and Congo red. It is found that the expanded graphite provided efficient and fast adsorption against the two dyes. Although capacity degradation of the material was observed after repeated uses, these manufacturing protocols are still suggested to be viable due to cost-efficiency.
Introduction
Recently, Vietnam has faced increasing water pollution due to waste streams from the processing and consumption of organic dyes in the textile industry. The massive discharge of untreated organic dyes is detrimental to aquatic life and human health (Roy, Chakraborty, Kundu, Adhikari, & Majumder, 2012) . The existence of highly organic dye compounds in hydrosphere results in considerable increase in chemical oxygen demand, limitation of light penetration into the water, undesirable interference in photosynthesis of hydrophyte and prevention of growth of microbes in the aquatic ecosystem. In addition, the selective toxicity of organic dyes is carcinogen and mutagen (Arami, Limaee, Mahmoodi, & Tabrizi, 2005) . There have been a variety of physical and chemical treatment method available for the treatment of colored effluents, namely adsorption, coagulation, flocculation, ozonation, membrane filtration, ion exchange and chemical precipitation (Arami et al., 2005; Avetta, Sangermano, Lopez-Manchado, & Calza, 2015) .
Expanded graphite (EG) has drawn much attention lying on excellent properties, namely multiporosity, large-specific surface area, low density and hydrophobic nature. Thanks to this, EG has been considered as an important sorbent possessing a high sorption capacity especially for organic compounds (Goshadrou & Moheb, 2011; Yagub, Sen, Afroze, & Ang, 2014; Zheng, Wang, Kang, Wang, & Inagaki, 2004) . There were several synthesis methods of EG from graphite intercalation compounds (GICs) in order to enhance its pores size range. GICs were complex materials containing alkali metals and acid molecules, i.e. Na-THF, K-THF, Co-THF, H 2 SO 4 , HClO 4 and HNO 3 inserted between oppositely charged carbon layers and GICs were then heated to exfoliate graphite layers (Altıntıg, Altundag, Tuzen, & Sarı, 2017; Goshadrou & Moheb, 2011; Yagub et al., 2014; Zheng et al., 2004) . It is well known that the EG gave high oil removal efficiency due to suggested outstanding properties (Asfaram et al., 2015) . Moreover, the EG has considered as an excellent candidate in removing organic dyes. The obtained results revealed that EG produced by using mixture of graphite, perchloric, potassium permanganate and acetic anhydride following weight ratio 1:1.4:1:0.5 under rapidly heating to 1,000°C had the expansion volume of 300 mL/g. The asprepared EG could eliminate 94.05% azo direct scarlet 4BS with initial concentration of 100 mg/L at optimum conditions, namely dosage of 0.6 g/L, contact time of 120 min, pH = 2 and 50°C (Li, Li, Li, & Sun, 2007a) . Additionally, such EG materials showed 96.9% removal for Blue 2BLN at initial concentration of 200 mg/L using 600 mg/L adsorbents at 45°C for 120 min and 99.5% removal for Acid Black 210 with initial concentration of 60 mg/L at pH = 1 and 51°C for 120 min (Li, Li, Li, & Sun, 2007b) . The removal of Reactive red 24 using graphite-based adsorbents in combination with H 2 O 2 was found at 98.44% removal (pH = 2) using 600 mg/L EG at 50°C within 120 min (Li, Li, & Sun, 2008b) . Accordingly, EG prepared by exfoliation of acid-treated graphite flake (with volume ration of H 2 SO 4 /HNO 3 = 4:1) was an efficient adsorbent for removal of methylene blue (MB) with the adsorption capacity to be 7.77 µg/g at initial concentration of 16 mg/L and contact time of 180 min (Zhao & Liu, 2009) . Amir et al. reported that EG fabricated by using mixture of H 2 SO 4 and HNO 3 exfoliated at 10,00°C for 5 s could remove 95% CI Acid Blue 92 at initial concentration ranged 50-75 mg/L for 4 h (Goshadrou & Moheb, 2011) . However, the preparation of EG by conventional thermal heating was limited due to long time to achieve desired temperature, consuming process and high energy requirement; and subsequently, a large amount of distilled water was used for washing. Microwave-associated heating is alternative method to fabricate EG rapidly from graphite intercalation compounds (GIC) without involvement of washing and drying (Wei, Liu, Zhang, Shi, & Guo, 2009) . For instance, the exfoliation of GIC using graphite and HClO 4 (with weight ratio 1:2) under microwave irradiation with 60-70 s showed superior performance in removal of organic dyes. The results exhibited that the maximum adsorption capacity for the removal of malachite green, Congo red (CR) and Rhodamine was found to be 384.6, 196 .08 and 151.51 mg/g, respectively (Sykam, Jayram, & Rao, 2018) . Till now, the investigations on the preparation of expanded graphite and its application for ionic dye removal have not yet studied adequately.
In the present work, the aim is to produce the EG using inexpensive intercalated compounds and microwave heating technique for 40 s. The as-fabricated EG-based adsorbents exhibited high removal efficiency of the MB and CR from aqueous solution. The experimental conditions affecting the dye adsorption including the contact time between adsorbents and adsorbates, the pH of the solution, dye concentration and the dosage of adsorbent were also investigated. Furthermore, the adsorption isotherm was described using Langmuir and Freundlich models.
Experimental

Materials
Natural graphite (NG) was originated from Yen Bai province in Vietnam with flake size >1.25 mm and carbon component ≥85%. Potassium permanganate (KMnO 4 ), perchloric acid (HClO 4 ) and acetic anhydride ((CH 3 CO) 2 O) were obtained from commercial sources and used as received. Organic dyes including MB (C 16 H 18 ClN 3 S; molecular weight: 319.85 g/mol; maximum wavelength: 664 nm) and CR (C 32 H 22 N 6 Na 2 O 6 S 2 ; molecular weight: 696.665 g/mol; maximum wavelength: 500 nm) were purchased from HIMEDIA (Himedia Laboratories Pvt., Ltd.). Dye-polluted aqueous solution is obtained by dispersing commercial dyes in distilled water. The chemical structure of CR and MB is shown in Figure 1. 
Preparation of the expanded graphite
The preparation of expanded graphite (EG) was performed via two steps including the fabrication of graphite intercalation compounds (GIC) and rapidly thermal processing under microwave irradiation. The GIC was prepared by mixing NG, KMnO 4 , HClO 4 and (CH 3 CO) 2 O according to the weight ratio of ingredients 1:0.5:1:0.4 for 10 s. Subsequently, the mixtures were placed directly into 2.45 GHz microwave irradiation (MW) operated at 720 W and for 40 s to produce EG. Finally, the obtained EG was stored in the desiccator at room temperature before use to prevent the material from absorbing steam outside the air. 
Characterization
Scanning electron microscope (SEM) was used to observe the surface morphology of NG and EG on Hitachi S4800 instrument, Japan. Energy-dispersive spectroscopy mapping was determined during SEM analysis using Oxford instrument. In order to analyze structure of graphite after expansion, Xray diffraction (XRD) patterns were determined using a Siemens D5000 diffractometer with a CuK α radiation (λ = 1.5406 A°) in the range between 0 and 80 at low speed of 0.02 /s. The BrunauerEmmett-Teller (BET) surface area of graphite-based materials was determined using the N 2 adsorption/desorption isotherm measurement on Micromeritics 2020 volumetric adsorption analyzer. The dye concentration in the aqueous solution was determined using an Evolution 60S UV −vis spectrophotometer (Thermo Fisher Scientific, USA). The functional groups of porous carbon material were identified using a Bruker Alpha FT-IR (Fourier transform infrared) spectrophotometer in the range of 4,000-400 cm −1 and using a KBr matrix.
Batch adsorption studies of EG for organic dyes
The batch adsorption experiments were performed to determine the optimum conditions for the elimination of cationic and anionic dyes. The EG with certain dosage (0.5, 1, 2 and 3 g/L) was added into 250 mL Erlenmeyer flasks containing 100 mL dye solution with known initial concentrations (50-600 mg/L) at adjusted pH value in the 4-11 range. The mixture was then shaken using an orbital shaker at 200 rpm for contact time range of 0-100 min and adsorption temperature of 30 ± 2°C. Subsequently, the adsorbents and adsorbate were separated using centrifugation at 60,00 rpm for 10 min. The equilibrium dye concentration was measured by using the UV-vis spectrophotometer at the maximum absorbance wavelength value for each dye. Each experiment was triplicated to obtain the average data. The adsorption (%) of pollutant by graphite-based adsorbents was calculated by the following equation (Carvallho et al., 2016) :
The equilibrium adsorption capacity of dye q e (mg dye/g EG) was described by the following equation (Sham & Notley, 2018) :
where C i and C e (mg/L) are the initial and the equilibrium concentration of the dye, respectively, V is the volume of aqueous dye solution in L and m is the adsorbent weight in g.
Langmuir and Freundlich isotherms
In order to clearly identify the adsorption mechanism and predict the optimum parameters of adsorption process, the adsorption isotherm experiments were performed. Langmuir and Freundlich isotherms were used to characterize the adsorption of dyes from aqueous solution by graphite-based adsorbents. Documented in the literatures, the Langmuir adsorption model was explained on the ground of assumption of monolayer coverage on a uniformly surface with identical adsorption sites and negligible interaction between adsorbate molecules (Asfaram et al., 2015; Esfandiar, Nasernejad, & Ebadi, 2014) . The linear equation for Langmuir adsorption model is given as follows (Yagub et al., 2014) :
where q m represents the maximum adsorption capacity of EG (mg/g) and K a is the isothermal constant for Langmuir adsorption (L/mg) related to the affinity of the adsorption energy. The slope and intercept of the linear plot of C e /q e versus C e will give q m and K a values (Yagub et al., 2014) .
The important features of the Langmuir isotherm model can be expressed through the dimensionless constant separation parameter, R L , defined as follows (Hameed & Hakimi, 2008) :
where C i (mg/L) is the initial dye concentration. Based on obtained R L values, the adsorption process of dye on EG may be presumed to be favorable if 0 < R L < 1. In case of R L > 1, the process shows unfavorable adsorption and R L = 0 represents irreversible for adsorption (Yagub et al., 2014 ).
The Freundlich model was described on the assumption that dye molecules are adsorbed on the different energy sites on the heterogeneous adsorbent surface. The interaction between adsorbate molecules is taken into consideration in this adsorption model. The linear equation of Freundlich model is given as follows:
where 1/n presents adsorption intensity which is related to the relative distribution of the bond energy and heterogeneity on adsorbate sites; for instance, the stronger adsorption bond is found in decreasing 1/n value. K F (L/mg) represents adsorption capacity of the adsorbents.
Results and discussion
Fabrication and characterization of the exfoliated graphite
The surface morphology of graphite-based materials before and after using the microwave method was observed by SEM analysis as found in Figure 2 . It can be seen that the morphology of NG presents rough surface with multilayered crystalline structure. After the adequate MW process, the interlayer structure of the NG flakes was fully broadened to the exfoliated graphite layers as found in Many packed layers and formation of wrinkles, furrows appear on the surface of EG. In additional, EG was found in worm-like images with inner porous structure which facilitate the transport of dye effluents. These changes can be on the ground of intercalation and exfoliation of natural flake graphite. Therefore, it is expected that EG fabricated by destroying GICs under rapid and uniform local heating of MW irradiation may become efficient adsorbents for dye removal.
XRD patterns of the NG and the EG were shown in Figure 3 . The peaks at 28.6°and 54.68°were characteristic diffraction peaks of graphite, in accordance with (0 0 2) and (0 0 4) plane (Badenhorst, 2014) . Noticeably, the shift of peak at 28.6°to lower angle in EG spectrum suggests that interlayer distance at (d 0 0 2 ) significantly raised. This can be ascribed to successful exfoliation of graphite sheets via microwave technique which well agreed with SEM analysis. Moreover, it is clear that EG presented weaker and narrower diffraction peaks at 26.60°than those graphite lying on broadening along c-axis of carbon layers. Some findings indicated the decline of peak intensity (d 0 0 2 ) related to the stacked rearrangement of graphite layers (Li, Li, & Sun, 2008a; Zhao & Liu, 2009 ). Hence, it may be expected that the graphite exfoliation favors for dye adsorption.
Figure 4 reveals N 2 adsorption/desorption isotherms of NG and EG. It can be seen that the type IV isotherm was determined for NG and EG which indicates the existence of a large number of mesopores and very little micropores in graphite-based adsorbents. The BET surface area and total pore volume of EG were measured as presented in Table 1 . The results show much higher total pore volume and surface area of EG compared to flake graphite; for instance, the total pore volume and surface area of EG were 46.10 It was found that EG favored with the adsorption of anionic dyes than cationic dyes. Comparably, the adsorption capacity was observed from Figure 5 for dyes following the order: 99.59% for CR > 49.32% for MO > 41.92% for MB > 22.37% for VL. These results indicated that the EG exhibited highest adsorption capacity for CR among anionic dyes and MB among cationic dyes used for the further investigation.
One of the crucial factors affecting the adsorption efficacy is the exposure time between adsorbents and adsorbates. It is given that the contact time is related to equilibrium adsorption time (Badenhorst, 2014) , the influence of the contact time was performed in the range from 10 to 120 min with fixed adsorbent dose of 2 g/L and initial dye concentration of 200 mg/L. The results from Figure 6 show that the adsorption capacity for CO increased rapidly in the first 20 min with 98% removal (86 mg/g) and keep stability after 20 min indicating reached balance state, whereas the removal of MB increased gradually and reached the adsorption balance at 80 min with 51% removal (51 mg/g). Thus, equilibrium time has been taken as 20 min for CO and 80 min for MB considered in further studies.
The pH value plays an instrumental role in the adsorption process of organic dyes on EG. Effect of pH on the removal of MB and CO is carried out from 4 to 10 with fixed initial concentration of 200 mg/L and fixed adsorbent dosage of 2 g/L. The results reveal the adsorption capacity and removal efficiency increased with increasing pH values as found in Figure 7 . With increasing pH value from 4 to 9, the adsorption capacity increased steadily and achieved highest value for MB (42 mg/g) and CO (100 mg/g) at pH = 9. However, the adsorption capacity increased at pH of 9-10. Hence, the pH of 9 was selected for further work. The effect of adsorbent dosage was performed in the range from 0.5 to 3 g/L with fixed initial concentration of 200 mg/L and pH value of pH = 9. The obtained results show the increase in the removal efficiency but the amount of adsorbates per adsorbent unit mass decreased with increasing dosage of EG as shown in Figure 8 . It is given that increasing adsorbent produce more uptake sites resulting in adsorption efficiency. It is clear that the removal efficiency of EG for CO is much higher than for MB; for instance, 98% CO was removed from aqueous solution while 57% removal for MB was found at 2 g/L EG adsorbed.
The initial concentration of dyes has a strong influence on the dye colorless due to efficient resistance for mass transfer between aqueous and solid phases. The effect of initial dye concentration on the removal rate of MB and CO was presented in Figure 9 . It can be seen that the adsorption capacity increased with increasing initial centration of dyes. For instance, the uptake amount of EG for CO increased significantly from 23 to 179 mg/g (78% removal) with increment of 500 ppm initial concentration. However, in higher initial concentration of 600 ppm, the adsorption capacity decreased due to lack of uptake sites on EG surface. The highest adsorption capacity was 57 mg/g for MB initial concentration of 300 mg/L and 179 mg/g for CO initial concentration of 500 mg/L. These results clearly demonstrate that the adsorption capacity and removal efficiency are dependent on the initial concentration of CO and MB in aqueous solution.
Langmuir and Freundlich isotherm
The Langmuir isotherm is on the ground of the assumption that the adsorption occurs at homogeneous sites on the surface following monolayer mechanism while Freundlich theory is related to the heterogeneity on adsorbent surface with a multilayer adsorption mechanism. The model parameters for the Langmuir and Freundlich were determined from isotherm curves in Figure 10 and Table 2 . It is noticed that Langmuir model fits well with the adsorption behavior of CO and MB on EG with R 2 > 0.956 while the lower compatibility was found in Freundlich model. Based on parameters calculated from the Langmuir isotherms, the maximum adsorption capacities of CO (201.208 mg/g) exhibited much higher than that of MB (47.619 mg/g). The obtained RL value to be less than 1 indicate the adsorption process is favorable. Figure 11 shows FT-IR of EG, EG-MB and EG-CO. In case of EG, the existence of O-H groups and adsorbed water was confirmed by stretching vibration of broad band around 3,425 cm
FT-IR analysis
; the absorbance peaks centered at 1,628 cm −1 were ascribed to the presence of the C=O group; , respectively, can be easily recognized. These shifts may be attributed to the interaction between EG and organic dyes (MB and CO) (Sykam et al., 2018) . Figure 12 exhibited SEM-EDAX mapping of EG-based adsorbents before and after decolonization process for CR and MB. It can be seen from Figure 12 (a) that the EG shows the large crevice-like pores on the surface of particles and slit-shaped gaps between the graphite layers providing the channels which may facilitate the transport of working fluids. Combined with the EDAX analysis, the primary ingredient C was found in EG sheets in addition to other elements originated from chemicals used in the preparation process, namely O (from oxidation process), Mn (from adding KMnO 4 ) and Cl (from adding HClO 4 ). After adsorption process, the surface of worm-like graphite particles was filled with wrinkles and narrower slit-shaped gaps as a result of efficient captures of dye molecules (Figure 12(b,c) ). Furthermore, the EDAX data of the EG after adsorption reveal not only normal ingredients of EG but also others, e.g. N, Na and S, which are the main ingredients of CR and MB, confirming the adsorption of CR and MB from aqueous solution on EG layers.
SEM-EDAX mapping
Desorption and regeneration
The investigation of possibility of recovery and reuse of EG was followed by the desorption process. The desorption of organic dyes from the resulted dye-adsorbed of EG was determined using 100 mL ethanol solution to wash several times until the adsorbates were released completely from adsorbents. The EG obtained from desorption process was regenerated and reused for two times in the fixed conditions, namely initial concentration of 200 mg/L, pH value of 7 and adsorbent dosage of 2 g/L. Figure 13 illustrates the changes in adsorption capacity of the EG after two regeneration cycles. It can be found that the adsorption capacity of EG for removal of CR and MB significantly decreased to 105.12 and 26.91 mg/g after the first reuse compared with the initial adsorption amount of 179 and 57 mg/g, respectively. The second regeneration caused a serious decrease of adsorption capacity and removal percentage for elimination of CR (74.97 mg/g, 31.16%, respectively). Lower reusing adsorption amount of EG was presumed due to the collapse of bulky structure and surface reconstruction during the adsorption and subsequent desorption of dye fluids from EG structure (Inagaki, Konno, Toyoda, Moriya, & Kihara, 2000; Vinh et al., 2018) . Although the adsorption amount dramatically declined after second reuse, it is higher than other adsorbent with the quite similar sorption behavior in the first use (Phuong Quynh et al., 2017) . These results demonstrated the removal efficacy of expanded graphite for organic dyes. 
Conclusions
In summary, this study shows that MB and CO can be eliminated from aqueous solution by using EG materials fabricated via facile microwave technique. The contact time, pH value in solution, adsorbent dosage and initial concentration of dyes showed important effect on the adsorption rate for MB and CO on EG. Possessing mesoporous structure with large surface area and total pore volume, the EG shows maximum adsorption performance for dyes with removal capacities of 47.5 mg/g MB and 201.2 mg/g CO per 1 g of adsorbent at pH = 9 and EG dose of 2 g/L. It has been found that the performance of EG was degraded in reuse tests; however, the adsorption capacities are still significant within three times of using. It is suggested that further investigation is necessary to find a proper desorption approach to improve the reusability of EG. These obtained results indicate that cost-efficient graphite-based adsorbents using simple manufacturing protocols exhibited remarkable efficacy for dye removal from aqueous solution.
